the same trilayer we show that spin-orbit coupling mediates spin relaxation at room temperature.
Organic semiconductors (OSCs) are being investigated as an emerging class of materials for electronics and spintronics, not only because of their ease of low-temperature solution processing, but also because of their unique functional properties, such as a long spin lifetime that reflects their light-atom, mainly carbon-based composition. To date, the focus in organic spintronics has mainly been on studies of spin valves with a thin organic semiconductor layer sandwiched between two ferromagnetic electrodes.
1-3 In organic spin valves a spin polarised current is electrically injected from an adjacent ferromagnetic electrode and transported through the OSC. However, the concept of pure spin current, which carries purely spin angular momentum but, in contrast to a spin polarised current, no charge current, 4-9 had not been observed in organic materials until very recently. Apart from offering technological benefits, such as reduced heat dissipation compared to charge current based information processing, pure spin currents also allow observation of new physics, such as the conversion of a spin current into a transverse charge current through the spin-orbit coupling mediated inverse spin Hall effect (ISHE). [10] [11] [12] Recently, we realised spin pumping at the interface between a ferromagnetic insulator and a conducting polymer and we reported the first observation of pure spin currents and the ISHE in a highly doped, conducting polymer. 13 In the present work we extend our studies of spin pumping and pure spin currents to undoped, semiconducting conjugated polymers.
Charge carriers in conjugated polymers are polarons formed as a result of strong electronphonon coupling and move by hopping with a mobility that decreases with decreasing temperature.
14 While a detailed molecular understanding of charge transport has been achieved in a broad range of materials systems, the mechanisms for transport and relaxation of a spin polarisation generated among these spin 1/2 carrying polarons are much less well understood. 2, 15 Generally the spin-orbit coupling (SOC) mediated Elliott-Yafet 16 and the hyperfine 17 mechanisms are most relevant in undoped, conjugated polymers, but a consensus about the dominant mechanism, particularly near room temperature, has so far not emerged. This is at least partly due to practical limitations of spin-valve measurements, which have been the only tool to investigate spin transport in OSCs. They suffer from the resistance mismatch problem that makes it difficult to efficiently inject spins from high conductivity metals into relatively low conductivity OSCs and have often been limited to low temperatures. 1-3 Our new trilayer architecture relies on spin pumping from a ferromagnetic material for spin injection into the OSC and on the ISHE in a nonmagnetic metal with strong SOC for detection of spins transmitted through the OSC. It allows us to measure in the same device both spin and charge carrier transport through the OSC.
Our trilayer device structure (Fig. 1a ) uses a ferromagnetic (FM) metal of Ni 80 Fe 20 in contact with the OSC to excite ferromagnetic resonance (FMR) and induce spin pumping [8] [9] [10] 18 into the OSC. The FMR spin pumping generates a spin current from the precession of the magnetization, M, at the FM metal/OSC interface, which is pumped out of the FM into the OSC mediated by the interlayer exchange coupling. 19 The injected, pure spin current is then transported through the OSC film until it reaches a thin Pt layer on the other side of the OSC film, where it is converted into an electric field E ISHE by the ISHE of Pt.
E ISHE is perpendicular to both the directions of the spin polarisation and the spin current, (Fig. 1a) , 10, 20 where j s and σ denote the flow direction of the spin current and the spin-polarisation vector of the spin current. We use Pt because of its strong SOC which generates a large ISHE voltage signal, V ISHE , between two contacts made to opposite ends of the Pt film. Injection and detection of a pure spin current is well established in metals 20 and inorganic semiconductors, 18,21 and more recently, in highly-doped conducting polymers. 13 In this work we study the transport of pure spin currents through the semiconducting conjugated polymer, poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT, Fig. 1b ).
PBTTT is a widely studied conjugated polymer with a high, in-plane field-effect mobility cay also suggests that the spin current is transported through the PBTTT film by diffusion and we interpret the decay constant as the spin diffusion length of the PBTTT layer. In the following we will adopt a theoretical framework based on the spin diffusion equation that has been widely used for interpreting spin pumping measurements on inorganic semiconductors and metals 18,20,21 but can also be justified in organic semiconductors.
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The voltage spectra were also measured as a function of the out-of-plane angle θ between the substrate plane and the static magnetic field as defined in Fig (Fig. 3c) using the Landau-Lifshitz-Gilbert equation. 20 The magnetization-precession axis is mostly confined along the in-plane direction except when θ is nearly 90
• and 270
• (Figure 3d ). In other words, σ at the interface is almost parallel to the film plane except for nearly 90
• . When H is applied oblique to the film plane, the spins injected into the OSC precess around H according to the Hanle effect.
In materials with long spin lifetime, the spin current that arrives at the PBTTT/Pt interface is expected to be j
because the spin relaxation time in Pt is very fast (see Method section). The experimentally measuredV ISHE is well reproduced with this model but not with the simple cos ϕ relationship that would be expected if spins in PBTTT had a short spin lifetime and were effectively not precessing. These measurements therefore provide evidence for Hanle precession in PBTTT.
The Hanle spin precession of polarons observed here has been a missing part in the organic spintronics field for many years. 15 The model does not allow a precise determination of the spin relaxation time, τ s . We can only state that τ s must be larger than approximately 1 ns (red curve in Fig. 3b and Method section). in the organic semiconductor. We emphasize again that by choosing a non-intentionally doped organic semiconductor layer with a high resistance we decouple potential spurious voltage signals generated in the permalloy from the Pt spin detector layer and eliminate experimental artefacts. Our observations provide convincing evidence that polarons in the polymer semiconductor are able to transport a pure spin current through relatively thick organic semiconductor layers with thicknesses on the order of a few 100 nms.
The present trilayer architecture provides a powerful architecture for studying the currently not well understood mechanisms for spin diffusion in OSCs.
3 It does not suffer from the resistance mismatch problem and allows us to relate charge carrier mobility and spin diffusion length on the same device structure over a wide temperature range. Figure . In this model a large and temperature-independent value of λ s on the order of 100's nm as observed here is expected for systems with weak SOC (γ on the order of 10 −3 − 10 −4 from experimentally observed g-value shifts) 28 and a temperature-independent hopping length of several nm's.
In our analysis we have assumed that spin diffusion is the dominant mechanism for spin transport through the organic layer and that a formalism based on the spin diffusion equa-tion, which is normally applied to metals with constant density of states, can be applied to organic semiconductors. The use of the spin diffusion equation for organic semiconductors has been justified in a previous theoretical study 24 The former could be caused, for example, by exchange contributions to spin diffusion. work is needed to clarify the origin of the large spin current, and we hope that our work will encourage theoretical groups to develop a microscopic framework in which spin pumping measurements and spin transport in relatively resistive organic semiconductors with low carrier concentration can be interpreted quantitatively.
The temperature-independent spin diffusion length implies that improvements in polaron mobility will not necessarily result directly in increases of spin diffusion length. 
H-dependent effects like Hall and Nernst effects, and M -dependent effects like anomalous
Hall and anomalous Nernst effects can be excluded by considering the symmetry of the ISHE and frequency dependent measurements (SI section H). We have also confirmed that there is no measurable OMAR effect in this system (SI section D).
Analysis of the Hanle precession By assuming that there is no spin back-reflection at the interface between the OSC and the spin-sink Pt layer the z-component of the spin polarisation at a depth x in the PBTTT film can be approximated as 21 :
where
, and ω L = γ C H FMR . γ C and τ s are the gyromagnetic ratio and spin relaxation time of PBTTT, respectively. We computed the angular variation of thē V ISHE with various spin relaxation times τ s , whereV ISHE is proportional to the spin current density that arrives at the Pt layer (x = d s ). We assumed that the spin diffusion length λ s is independent of τ s , which is confirmed to be valid by our experimental results shown in In principle, it should in the future be possible to obtain a more accurate estimate of τ s from Hanle measurements but this will require us to adjust the resonance condition by tuning f and H FMR in order to resolve longer spin relaxation times. We show in Fig. 4 that τ s is in fact significantly longer than our current Hanle-based lower limit estimate, i.e. on the order of µs. 
